Microautoradiography (with combined liquid scintillation) applied to the study of trace metal uptake by suspended particles: Initial results using 63Ni as a tracer Abstract-We report the development o f a microautoradiographic method for the study o f trace metal-particle interactions in natural waters. This technique, in combination with conventional liquid scintillation counting methods, was applied to sur face water samples from the Belgian coastal zone and Scheldt estuary. 63Ni was used as the metallic radio tracer. Ni partitioning in our experimental system was shown to be a primarily abiotic process, driven by passive sorption reactions and limited in extent on a 24-h time scale by the slow reaction kinetics of Ni. Small particles (< 1 fim) were important as sorp tion sites, while large particles exhibited variable and particle-specific scavenging potential.
The cycling o f trace metals in the marine environment is a complex process, influenced by many geochemical, physical, and biological parameters. The removal o f dissolved metal species from the water column by particles (i.e. scavenging) is a fundamental step in the cycle, leading to the deposition o f trace elements in the sediment. The drive to understand parti cle-mediated removal processes has, in the last decade, led to intensive research on the nature o f particle-metal interactions in the water col umn.
Laboratory studies o f metal uptake have been instrumental in elucidating the kinetic aspects o f trace metal sorption (e. A natural extension o f such process-oriented work in com plex marine environments would be to identify the different scavenging m ech anisms at work in a heterogeneous particle ma trix, along with their relative significance. To achieve this level o f understanding in a radio tracer experiment, it is necessary to identify in some detail which components o f a given par ticle assemblage are associated with the tracer. In the work presented here, we demonstrate the use o f a microautoradiographic technique to obtain such information.
Grain-density microautoradiography uses a photographic film coating over microscopi cally mounted radiolabeled objects to visualize the location o f a radiotracer on particles at the level o f light or electron microscopy. Precedent for the use o f microautoradiography to study marine particles com es from the field o f ma rine ecology, in which microautoradiography with 14C-and 3H-labeled substrates has been used to study primary productivity (Daven port and Maguire 1984; Knoechel and Kalff 1976) and bacterial metabolism (Douglas et al. (1978) and Tabor and N eih of (1982). The choice o f tracer was constrained by the neces sity o f using a metallic radioisotope with a mode o f decay appropriate to autoradiograph ic recording. Although 63N i has not been as widely applied to autoradiography as some other metallic radioisotopes like 65Zn (Fowler et al. 1970 ) or 55Fe (Hutchins et al. 1993), the low-energy (0.067 Mev) soft-beta em issions o f the isotope make it ideal for high-resolution microscopic studies using very thin emulsion coatings. In addition, the vertical distribution o f N i in the oceanic water column (Bruland 1980) indicates that N i is involved in some scavenging process.
1987; Ward 1984). The technique detailed here is based largely on the work o f Meyer-Reil

Notes
The data set presented here is limited, and we therefore regard our results as provisional. We present quantitative data on 63N i parti tioning, obtained by established methods o f liquid scintillation counting, together with qualitative data obtained by microautoradiog raphy. Our intention is to explain the details o f the autoradiographic method and to dem onstrate its feasibility and potential value as a tool for studying trace metal-particle interac tions in combination with more conventional methods.
Samples for this work were obtained as part o f a larger program (of G. Billen) to monitor the spring bloom o f Phaeocystis pouchetii in the southern bight o f the North Sea. Samples were taken from the surface water at station 330, located in the Belgian coastal zone, 10 km off Ostend (51°26'05"N, 2°49'08"E). This site has been described previously by Lancelot and Mathot (1987) . Additional samples for our ex periments were taken from the Scheldt estuary, at a point roughly 80 km up the estuary, sa linity o f ~ 5. It was felt that by sampling several times over the course o f a bloom , and in both ocean and estuarine locations, the technique could be applied to a wide variety o f partic ulate assemblages.
Samples were collected in acid-cleaned plas tic containers and stored in darkness at 4°C for transport back to the laboratory (< 4 h). Upon arrival at the laboratory, subsamples were dis pensed into acid-cleaned 200-m l polycarbon ate Co-Star culture bottles for liquid scintil lation experiments, or 20-ml polycarbonate test tubes for autoradiography experiments. Sub sample inhomogeneity was avoided by thor oughly mixing the original sample before dis pensing each subsample. In addition to adding 63N i to samples for both liquid scintillation counting and autoradiography, some separate samples were spiked with 14C for liquid scin tillation counting in order to determine levels o f primary productivity.
Samples were spiked with a solution o f 63N i as Ni(II)chloride in dilute (< 0.01 M) HC1 or a H 14C 0 3 solution (Amersham Radiochemi cals). 14C was added to samples at a level o f 0.22 MBq per 100 ml. For liquid scintillation analysis o f 63N i uptake, samples were spiked with ~3 0 nM o f the Ni(II)chloride solution, resulting in an activity o f about 0.085 MBq per 100 ml. Samples for autoradiographic analysis were spiked to about twice that level. Although ambient N i concentrations in our samples were not determined, it should be not ed that concentrations o f dissolved N i off the Belgian coastal zone have recently been deter mined at 6 -1 0 nM during this season (Zhang unpubl. data), while those in the upper Scheldt are ~1 5 0 nM (Wollast unpubl. data). Al though it would have been desirable to add the N i in tracer amounts, the fact that the 63N i was not carrier-free precluded this possibility for the coastal samples. It was determined that adding 3 0-60 nM N i reduced the 14C uptake in our coastal samples by ~20% , thus indi cating some reduction in algal growth. Due to these conditions, the results o f this study are not necessarily reflective o f processes affecting N i uptake in natural marine systems.
Incubations were performed on a shaker at 8°C for periods o f not longer than 24 h. Various incub ation con d ition s includ ed constant fluorescent light, constant darkness, or bioin hibition with 1.2% sodium azide. (This con centration o f azide inhibited 14C uptake in our marine samples by ~90% , but its effect on bacterial metabolism was not determined.) Nonlabeled incubations for autoradiographic controls were performed at the same time un der identical conditions. For liquid scintillation samples, unfiltered 1 -ml subsamples were taken immediately after tracer addition and again immediately before sam ple filtration. B oth subsam ples were counted to ensure that no significant amount o f tracer was lost to the walls o f the polycar bonate bottles. At time intervals ranging from 10 min to 24 h, 50-200 ml o f sample (de pending on filter pore size and particle density) Following 24 h o f incubation, all autoradio graphic samples were preserved by adding 1% ethanol. Subsamples (1-5 ml, depending on particle density) were passed at low pressure Immediately following filtration, filters were cut into quarters and the quarters placed sam ple side down on an acid-cleaned, gelatin-coat ed slide (gelatin solution-5% gelatin, 0.05% chrome alum, both Merck). Prior to applying filters, coated slides were steamed over a bea ker o f boiling M illi-Q water for several seconds to soften the gelatin. After thorough drying, slides with mounted samples were dipped into 1% glycerol for several seconds and allowed to dry again before filters were peeled away. This method (adapted from Tabor and N eih of 1982) has been found to give virtually complete sam ple retention on the slide.
Samples for epifluorescent viewing were mounted in identical fashion, but on subbed coverslips mounted on slides so that the fin ished preparations could be turned over and viewed with the sample in between the em ul sion and the microscope lens. Nonradioactive controls for positive and negative chemography (chemical effects on em ulsion which can cause spurious grain formation or grain re m oval) were preserved, filtered, and mounted in the same fashion as labeled samples.
In a darkroom under low safelighting at + 75% relative humidity, mounted samples were dipped in Amersham LM-1 autoradio graphic em ulsion (diluted 1 part em ulsion to 2 parts Milli-Q water) held at 38°C. Im m e diately after dipping (without draining), slides were placed on a chilled metal plate to gel the emulsion. The plate was sealed in a light-tight box, and slides were allowed to dry for 3 h. Silica gel was then placed in the box and the slides left overnight. All subsequent steps were carried out in complete darkness to reduce background.
Prior to insertion into exposure boxes, all slides were dipped into Beckman Ready Safe liquid scintillator. This procedure (adapted from Durie and Salmon 1975) reduced expo sure tim e by amplifying the number o f silver grains produced for each decay event. Several control slides in each batch were exposed to light before exposure to act as controls against latent image fading and negative chemography. Each batch also included several non light-exposed, nonradioactive control slides for false positive results.
Optimum exposure conditions for slides were On the basis o f these particle concentrations and the data in Fig. 1 , the log o f the experi mental partition coefficient (log K d) at 24 h is ~3 .1 for the Scheldt and 3.8 for station 330. This result is somewhat contradictory to ex pectations based purely on salinity consider ations, where one would predict higher metal partitioning in lower salinity waters. One pos sible explanation for the data is that the lower partitioning in the Scheldt sample is due to the "particle concentration effect" documented by Honey man and Santschi (1988), in which K d has been observed to decrease with increasing particle concentration.
It is apparent that the basic shapes o f the adsorption curves in Fig. 1 A further possibility is that 63N i uptake was affected by some biologically driven process that was independent o f suspended matter concentration. Active uptake by phytoplank ton, for example, could explain why there was a weak correlation between 14C and 63N i up- take in these samples (Fig. 2) . Because this data set was too small to permit a statistically sig nificant analysis o f such patterns, controlled experimentation was necessary to evaluate the effect o f biological activity.
In Fig. 3, 63N i The picture o f N i partitioning that emerges thus far from this lim ited set o f liquid scintil lation data is controlled by abiotic sorption processes and limited by slow reaction kinet ics. While the effect o f particle concentration seemed to dominate in the extreme environ ment o f the Scheldt estuary, in the station 330 samples there appeared to be som e particlespecific effect in operation, possibly related to ratios o f particle surface area to volum e. We next discuss how qualitative autoradiographic data complemented this information. The autoradiograms in Fig. 4 were made from a station 330 sample taken on 19 March. Fig. 4A -C depicts labeled and unlabeled Chae toceros cells. It is evident that even closely associated organisms displayed considerable variation in their degree of fi3Ni uptake (Fig.  4 A, B) and that cells located adjacent to labeled detritus were not necessarily labeled them selves (Fig. 4C) . Figure 4D shows a filamen tous alga with labeling at either end o f the cell. In Fig. 4E , a diatom (unlabeled) is shown in close proximity to a highly labeled, unidenti fied object. Figure 4F shows an unidentified labeled alga, most likely a dinoflagellate. The grains that appear to be isolated in several pho tos (Fig. 4E, especially) are m ost probably due to small particles (< 1.0 ¿¿m) that are obscured by the silver grains themselves in transm itted light. Exam ination of DAPI-stained autora diograms o f this sample revealed labeling of free bacteria and other cells of bacterial size. Most of the labeling in the sample was dis tributed between the small particle size frac-tion and detrital particles. Background in con trols for the 19 March sample set was somewhat higher than for later station 330 sam ples-on the order o f 10 grains per oil-immersion field.
The Scheldt estuary sample, collected on 25 May, represented a very different water mass from that sampled at station 330. Despite the much greater com plexity o f its particle matrix, however, the autoradiographic method was equally applicable. Examples o f autoradio graphic data obtained from the Scheldt sample (methyl-green pyronin stain, transmitted light) are shown in Fig. 5. (Fig. 5A is a photograph  o f an unlabeled control slide, displaying the extremely low background obtained with this technique.) The large diatom visible in Fig. 5B and C was the dominant phytoplankton in the sample. The diatom is unlabeled in these pho tographs, despite the close proximity o f a la beled dinoflagellate-type cell (Fig. 5B) and a highly labeled, possibly inorganic, particle (Fig.  5C ). The dominant diatom species was not associated with silver grains in any o f the au toradiograms examined.
In Fig. 5D -F Considering the high productivity o f this estuarine environment, another possible ex planation for these grains is that they are as sociated with bioproduced unorganized extra cellular polymeric material (i.e. "slime") which was not stained by the DNA-specific stains used in this study. DAPI autoradiograms re vealed that whole algal cells were generally free o f bacteria, so the labeling o f phytoplankton in these photographs can be primarily attrib uted to their own 63N i adsorption. Detrital and inorganic particles exhibited a variable label ing pattern overall, with some particles ap parently adsorbing large amounts o f 63N i (see Fig. 5C ). (Fig. 2) .
The autoradiographic data on the station 330 sample o f 22 May serves to demonstrate the utility o f autoradiographic techniques for de termining the distribution o f label over objects within the same general size class. In the Scheldt sample, for another example, the dominant centric diatom was shown to be entirely non associated with 63N i, while other large phy toplankton in the sample displayed various de grees o f labeling. In such a complex matrix, this information would be impossible to ob tain by conventional filter-and-count methods because size fractionation with filters would be too inaccurate.
The use o f autoradiography modified and contributed to the view o f 63N i partitioning obtained by liquid scintillation data in several ways. In the most general sense, the impor tance o f small (< 1 .0 jum) particles as sorption sites was confirmed by comparing tracer dis tribution between small and large objects. More significantly, autoradiography demonstrated that particle-specific effects were operative on objects in the algal size range. This finding has important implications for scavenging studies, since it is particles in the larger size class that are responsible for the downward flux o f scav enged material. In this experiment both liquid scintillation and microautoradiographic methods were ap plied to the study o f 63N i partitioning in nat ural water samples. Results indicate that N i sorption under the conditions described here was a primarily abiotic, passive chemisorption process. Partitioning was limited in extent on a 24-h time scale by the slow reaction kinetics o f Ni. While small particles were shown to be quantitatively significant sorption sites, sorp tion behavior o f the larger-sized particle pool was shown to be patchy and, in some cases, highly particle-specific.
This work has demonstrated that microau toradiography can be successfully applied to the study o f trace metal-particle interactions. The potential o f the method is clear, even though it has been used here only in the most qualitative capacity. Although autoradiogra phy will never be as quantitative in the ab solute sense as other, detection-based methods o f counting radioactivity, relative quantitation is possible when the proper controls and sta tistical counting methods are applied (e.g. Brock and Brock 1968). Sensitivity could also be markedly improved by using a carrier-free tracer. Thus, although 60 nM was the concen tration o f noncarrier-free tracer necessary to achieve our results, lower tracer levels (7-8 nM) are certainly possible.
Although the utility o f autoradiography may currently be m ost apparent when dealing with highly complex, heterogeneous systems where filter fractionation is inefficient, wider appli cations can be considered. Disequilibrium between 226Ra and supported 210Pb in a sediment core from a shallow Florida lake Abstract-2X0Pb dating can be used to assign ages in lake sediment cores, calculate rates o f sediment accumulation, and determine the timing o f recent changes in lake-watershed ecosystems. We used lowbackground gamma counting to measure 226 Ra and total 2l0Pb activities in a core from Lake Rowell, Florida. 226Ra activity was high and strongly variable throughout the core, even exceeding total 210Pb ac tivity in recently deposited sediments. We traced one source o f Ra-rich sediments to the only inflow, Al ligator Creek, where stream-bottom deposits display disequilibrium between 226Ra and supported 2I0Pb. High and variable 226 Ra activity in the Lake Rowell profile argues for direct estimates o f in situ Ra in lake sediment cores from disturbed watersheds that have Ra-bearing bedrock. Isotopic disequilibrium between 226Ra and supported 210Pb makes it difficult to distinguish between supported and unsupported 210Pb activity throughout the Lake Rowell core and would require special assumptions and nonconventional dating models to establish age-depth relation ships. 210Pb dating is used widely to determine the age o f recent lake sediments. The dating meth od is invaluable for establishing the timing o f ecological changes, especially in lakes for which long-term limnological data are lacking. The procedure yields a sediment age-depth rela tionship that extends back in time 100-150 yr.
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